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ABSTRACT
The formation of massive planetary or brown dwarf companions at large projected separations
from their host star is not yet well understood. In order to put constraints on formation scenar-
ios we search for signatures in the orbit dynamics of the systems. We are specifically interested
in the eccentricities and inclinations since those parameters might tell us about the dynamic
history of the systems and where to look for additional low-mass sub-stellar companions. For
this purpose we utilized VLT/NACO to take several well calibrated high resolution images
of 6 target systems and analyze them together with available literature data points of those
systems as well as Hubble Space Telescope archival data. We used a statistical Least-Squares
Monte-Carlo approach to constrain the orbit elements of all systems that showed significant
differential motion of the primary star and companion.
We show for the first time that the GQ Lup system shows significant change in both sepa-
ration and position angle. Our analysis yields best fitting orbits for this system, which are
eccentric (e between 0.21 and 0.69), but can not rule out circular orbits at high inclinations.
Given our astrometry we discuss formation scenarios of the GQ Lup system. In addition, we
detected an even fainter new companion candidate to GQ Lup, which is most likely a back-
ground object. We also updated the orbit constraints of the PZ Tel system, confirming that the
companion is on a highly eccentric orbit with e>0.62. Finally we show with a high signifi-
cance, that there is no orbital motion observed in the cases of the DH Tau, HD 203030 and
1RXS J160929.1-210524 systems and give the most precise relative astrometric measurement
of the UScoCTIO 108 system to date.
Key words: astrometry – planets and satellites: formation – (stars:) brown dwarfs – tech-
niques: high angular resolution.
1 INTRODUCTION
Direct imaging surveys around nearby stars are revealing a growing
number of sub-stellar companions. These massive (a few Jupiter
masses up to 80 MJup) objects at large projected separations from
their host stars form a complementary sample to the short period
objects discovered by radial velocity and transit measurements.
It is particularly interesting to examine if both groups of objects
can form in a similar way or if these are really two physically
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distinctive populations. Determining the eccentricities of wide
directly imaged companions could shed some light on this ques-
tion. If these objects would have formed in-situ by core accretion
in a disk, one would expect them to have low eccentricities due
to the dampening effect that the disk material has on eccentricity
excitations (see e.g. Lissauer 1993). Similarly, in-situ formation
by gravitational instability is expected to form objects with low
eccentricity as was found by Boss (2011). High eccentricities,
on the other hand, would point towards dynamical interactions
like planet-planet scattering events (see e.g. Veras et al. 2009 or
Nagasawa & Ida 2011). In a very recent study, Vorobyov (2013)
finds that gravitational instability can not form wide sub-stellar
companions around stars with masses less than 0.7 M or with
semi-major axes smaller than 170 au. If objects within this pa-
rameter range exhibit high eccentricities this would again point
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towards dynamical interactions and against in-situ formation. In
addition to the dynamical knowledge of the system that we gain
from determining the eccentricities of wide companions, high
eccentricities might also be a tell-tale sign for additional further-in
planets, which may be detectable with indirect methods such as
the transit or radial velocity method.
There have been a number of recent studies on constraining the
orbits of sub-stellar companions, for example the studies of the
HR 7672 system (Crepp et al. 2012), the βPic system (Chauvin
et al. 2012) and the GJ 504 system (Kuzuhara et al. 2013) in
addition to some of our own studies of the HR7329 system
(Neuhäuser et al. 2011) or the HD 130948 system (Ginski et al.
2013). All these studies utilized high precision relative astrometry
to follow the apparent orbits of the sub-stellar companions around
their host stars. In some of the mentioned cases it was already
possible to put constraints on the eccentricity and inclination of the
studied systems.
In this study we present new high precision astrometric measure-
ments of six sub-stellar companions to stars and brown dwarfs.
All observations were conducted with VLT/NACO (Rousset et al.
2003, Lenzen et al. 2003) between 2009 and 2012. In the following
sections we introduce the target systems in detail and describe
our data reduction and astrometric calibration. We then analyze
our astrometry of the system together with available literature
and archival data and determine if significant orbital motion
can be detected. Where this is the case we perform a statistical
orbit analysis to constrain the possible orbit elements. Finally we
compute detection limits for the systems and discuss our findings.
2 THE TARGET SYSTEMS
2.1 GQLup
GQ Lup is a classical T Tauri star of spectral type K 7 (Kharchenko
& Roeser 2009). It exhibits a proper motion of -15.1± 2.8 mas/yr
in right ascension and -23.4± 2.5 mas/yr in declination as given in
Zacharias et al. (2010)1. GQ Lup is located in the Lupus I cloud
(Tachihara et al. 1996), a region of ongoing star formation. The
distance to GQ Lup is generally assumed to be the average distance
of objects in the Lupus I cloud of 140± 50 pc (see e.g. Neuhäuser &
Brandner 1998). Parallax measurements of Neuhäuser et al. (2008)
place GQ Lup at 156± 50 pc consistent with the average distance
of Lupus I. Depending on the utilized evolutionary models for pre
main sequence stars as well as the (variable) photometry of GQ Lup
and its spectral type, the mass of GQ Lup is located between 0.3
and 0.9 M (Hughes et al. 1994, Mugrauer & Neuhäuser 2005,
Seperuelo Duarte et al. 2008). In this study we adopt a value of
0.7 M as was done by Neuhäuser et al. (2005) or more recently
by Faherty et al. (2010). The age of the GQ Lup system accord-
ing to Neuhäuser et al. (2005) is 1± 1 Myr. The study by Seperuelo
Duarte et al. 2008 finds a slightly higher age of 3± 2 Myr from pho-
tometry in combination with evolutionary models. A similar result
of 2± 3 Myr was found in the more recent study by Weise et al.
1 In Mugrauer & Neuhäuser (2005) proper motion measurements of
GQ Lup of various authors are compared. They arrive at a weighted mean
of -19.15± 1.67 mas/yr in right ascension and -21.06± 1.69 mas/yr in dec-
lination. However, each individual measurement is less precise than the one
given by Zacharias et al. (2010) and five out of six are consistent within 1σ
with this measurement.
(2010) via spectroscopy and template spectrum fitting. GQ Lup ex-
hibits a strong mid- and far-infrared excess as was first detected by
Hughes et al. (1994). This infrared excess points to the existence of
warm dust and thus a disk around GQ Lup. Among others this has
been confirmed by a recent study of Morales et al. (2012) employ-
ing data from the WISE (Wright et al. 2010) satellite mission. The
circumstellar disk around GQ Lup has been marginally resolved by
Dai et al. (2010) using the SubMillimeter Array at a wavelength of
1.3 mm. They find that their data fits with an outer disk radius of up
to 75 au. Additionally they state that they find no indication for gaps
or holes in the disk. The inclination of the star’s rotational axis (and
thus the circumstellar disk assuming co-alignment) was first deter-
mined by Broeg et al. (2007) via photometric rotation period de-
termination in combination with the v sin i measured by Guenther
et al. (2005). They arrived at a value of i= 27◦ ± 5◦. This result is
consistent with a later study by Hügelmeyer et al. (2009) who find
an inclination of ∼22◦ as best fit of GQ Lup VLT/CRIRES spec-
tra to their disk model. However, Seperuelo Duarte et al. (2008)
derive a much higher inclination of 53◦ ± 18◦ as best fit to their
spectrophotometric data, mainly because they find a longer rotation
period than Broeg et al. (2007). This higher inclination is excluded
by Hügelmeyer et al. (2009).
The sub-stellar companion to GQ Lup was discovered by
Neuhäuser et al. (2005) with Hubble Space Telescope (HST), Sub-
aru and VLT observations. The authors used differential photome-
try and comparison with evolutionary models to constrain the com-
panion mass to a range between 1 and 42 MJup. A later study
by Marois et al. (2007) used the same available HST and Subaru
archival data but different evolutionary models and found a mass
range between 10 and 20 MJup. They note that the mass estimate
is strongly model dependent. They also found that the compan-
ion is significantly overluminous at ∼600nm which they attribute
to strong ongoing accretion on the companion. A study by Seifahrt
et al. (2007) used integral field spectroscopy to obtain a spectrum of
the companion. They then proceeded to fit this spectrum to theoret-
ical model atmospheres and derive a most likely mass of ∼25 MJup
with a large uncertainty range between 4 and 155 MJup due to the
large uncertainty of the surface gravity which they measure. How-
ever, they compare the spectrum of the companion to spectra of the
eclipsing brown dwarf binary 2M0535 for which dynamical masses
are known. They find, that the companion to GQ Lup is less lu-
minous than either component of the eclipsing binary system and
thus they constrain the upper mass of the companion to 636 MJup.
They also find a strong Pa β emission line which they also interpret
as sign of ongoing accretion on the companion. The ongoing ac-
cretion was also confirmed in a most recent photometric study by
Zhou et al. (2014). It was shown by precise parallax measurements
in Neuhäuser et al. (2008) that the companion and its host star are
most likely located at the same distance and additionally that the
companion shows some small change in relative separation to the
host star over time which could be attributed to orbital motion.
2.2 PZTel
PZ Tel is a young nearby (51.5± 2.5 pc, van Leeuwen 2007) solar
analog star of spectral type G 9 IV. It is located in the constellation
of Telescopium and shows a proper motion of 17.64± 1.13 mas/yr
in right ascension and -83.63± 0.76 mas/yr in declination as was
determined by van Leeuwen (2007). PZ Tel is part of the young
12+8−4 Myr βPic moving group (Zuckerman et al. 2001). There have
been various age determinations of PZ Tel putting it in an age range
between 5 and 27 Myr (see Jenkins et al. 2012 for details), which
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is in good agreement with the average age range of βPic moving
group members. The mass of the star was recently estimated to lie
between 1.1 and 1.3 M by Tetzlaff et al. (2011).
The sub-stellar companion to PZ Tel was discovered in parallel by
Mugrauer et al. (2010) and Biller et al. (2010) using VLT/NACO
and Gemini/NICI imaging respectively. Initial mass estimates re-
lying on the age estimates of the host star as well as on theoret-
ical evolutionary models by Chabrier et al. (2000), Baraffe et al.
(2002) and Baraffe et al. (2003) and photometry put the companion
mass between 24 and 42 MJup. Recently there was a new study
by Schmidt et al. (2014) which used VLT/SINFONI and atmo-
spheric DRIFT-PHOENIX models (see Hauschildt & Baron 1999
and Helling et al. 2008) to determine the mass of the companion
candidate independent of the age of the system. They arrived at a
mass range between 3.2 and 24.4 MJup with a most probable mass
of 21 MJup, thus the companion is most likely a brown dwarf but
could in principle also be a planet with a mass below the Deuterium
burning limit. The spectral type of the companion is best fitting be-
tween M 6 and L 0. The authors derive an effective temperature of
2500+138−115 K and a surface gravity of log g = 3.50
+0.51
−0.30 dex. We previ-
ously examined the orbit dynamics of the system in Mugrauer et al.
(2012). The system shows significant orbital motion including or-
bit curvature. In our analysis we could constrain the possible orbit
elements of the system with astrometric data taken between 2007
and 2011. We found that the system is most likely highly eccentric
with an eccentricity above 0.6.
2.3 DHTau
DH Tau is a classical T Tauri star of spectral type M 1 (Watson
et al. 2009). It is part of the Taurus Molecular Cloud (TMC),
which had its spectroscopic distance determined by Kenyon et al.
(1994) to be 140± 10 pc. It exhibits an average proper motion of
12± 4 mas/yr in right ascension and -25± 3 mas/yr in declination,
as determined by Monet et al. (2003), Hanson et al. (2003) and
Zacharias et al. (2004). Mass and age of DH Tau have been
estimated by Hartigan et al. (1994), using spectroscopy as well as
optical and infrared photometry. Utilizing the models by D’Antona
& Mazzitelli (1994) and Swenson et al. (1994), they derive a mass
range for DH Tau of 0.24 to 0.32 M and an age range of 0.1 to
0.7 Myr. A similar study has been conducted by White & Ghez
(2001), who used the BCAH98 models by Baraffe et al. (1998).
They estimate a higher mass for DH Tau of 0.53 M and a much
higher age of 4.4 Myr.
The companion to DH Tau was discovered by Itoh et al. (2005)
using the CIAO instrument (Murakawa et al. 2004) on the Subaru
Telescope. It is located 2.3 arcsec to the southeast of the primary
at a position angle (PA) of 139.8◦. They confirm companionship
by common proper motion using HST archival images from
1999, in which the companion is resolved as well. To estimate
the mass of the companion, near-infrared spectra were taken
with the OHS/CISCO instrument (Motohara et al. 2002), also
on the Subaru Telescope. By comparison with model spectra by
Tsuji et al. (2004), an effective temperature between 2700 K and
2800 K, and a surface gravity of log g= 4.0 to 4.5 are derived
for the companion. Using these and the models by D’Antona &
Mazzitelli (1997) and Baraffe et al. (2003), a mass range of 0.03
to 0.05 M and an age range of 3 up to 10 Myr are calculated.
This places the companion in the brown dwarf regime, however
Neuhäuser & Schmidt (2012) calculate a lower minimum mass
of 0.006 M using various evolutionary models and taking a
bolometric correction into account (the maximum mass is still up
to 0.05 M).
2.4 HD203030
HD 203030 is a G 8 dwarf (Jaschek 1978) located in the constel-
lation of Vulpus. The parallax of 24.46± 0.74 mas (corresponding
to 40.9 pc) and proper motion of 132.84± 0.79 mas/yr in right
ascension and 8.44± 0.65 mas/yr in declination were measured
by the Hipparcos satellite mission. The mass of HD 203030 was
determined independently in several studies and ranges from 0.93
to 1 M (Allende Prieto & Lambert 1999, Metchev & Hillenbrand
2009, Casagrande et al. 2011). The age was first estimated
by Montes et al. (2001), who claim a likely membership of
HD 203030 in the young supercluster IC 2391 by kinematics. The
age of IC 2391 members varies between 35 and 55 Myr (Eggen
1991). This could not be confirmed by Metchev & Hillenbrand
(2006), who did a detailed study of age indicators of the star.
They find that chromospheric and coronal activity correspond to
an age of 130 to 400 Myr, consistent also with rotational period
and Li abundance (Strassmeier et al. 2000). Additionally, they find
that optical colors and luminosity place HD 203030 on the main
sequence at an age range of 0.1 to 10 Gyr, i.e. in agreement with
the higher age estimate.
The companion to HD 203030 was discovered by Metchev &
Hillenbrand (2006), using the Hale 200 inch and KeckII 10 m
telescope at the Palomar Observatory. It is located at an angular
separation of ∼ 11.9 arcsec (corresponding to ∼ 487 AU) to the
southeast (PA∼ 108.8◦) of the primary. Companionship of the
object was confirmed by common proper motion with the primary
in the same study. Using near infrared photometry and the models
by Burrows et al. (1997), Chabrier et al. (2000) and Baraffe et al.
(2003), a mass range of 0.012 M to 0.031 M is given, provided
that the age range of the object is 130 Myr to 400 Myr. This places
the companion with a high probability in the brown dwarf regime.
The spectral type of the companion was determined by near
infrared spectroscopy in the K-band to be L 7.5± 0.5 (Metchev &
Hillenbrand 2006).
2.5 1RXS J160929.1-210524
The K 7 dwarf 1RXS J160929.1-210524 (Lafrenière et al. 2008) is
located in the constellation of Scorpius. Its proper motion was de-
termined by Zacharias et al. (2009) to be −11.2 ± 1.5 mas/yr in
right ascension and −21.9 ± 1.5 mas/yr in declination. It is a mem-
ber of the young upper Scorpius OB association (US, Preibisch &
Zinnecker 1999).
The mean distance of US was inferred by the measurement of Hip-
parcos parallaxes of member stars to be 145± 2 pc (de Zeeuw et al.
1999), with an intrinsic scatter not larger than 20 pc (Preibisch et al.
2002). The age of US has recently become a matter of discussion.
Originally it was determined in de Zeeuw & Brand (1985) and de
Geus et al. (1989) to be about 5 to 6 Myr, by the H-R main-sequence
turn-off point of high mass member stars. This was later confirmed
in Preibisch & Zinnecker (1999) and Preibisch et al. (2002). There
is, however, a recent paper by Pecaut et al. (2012), stating that they
found US members of spectral type F to be underluminous by a
factor of ∼ 2.5, given the young age. They placed the various US
members in H-R diagrams and thereby determined a mean age of
11± 2 Myr.
c© 2002 RAS, MNRAS 000, 1–24
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The substellar companion to 1RXS J160929.1-210524 was discov-
ered by Lafrenière et al. (2008), using the Gemini North Tele-
scope with its AO system ALTAIR (Richardson et al. 1998) and
the NIRI instrument (Hodapp et al. 2003). The companion is lo-
cated 2.22 arcsec north-east of the primary (∼ 330 AU), at a PA of
27.7◦. From near-infrared spectroscopy Lafrenière et al. (2008) in-
ferred a spectral type of L4+1−2. Given the near-infrared photometry
of the companion and using the age of 5 Myr for US and a dis-
tance of 145± 2 pc, Lafrenière et al. (2008) estimate a mass of the
companion of 8+4−2 MJup, utilizing the DUSTY models by Chabrier
et al. (2000). However, they are using the in principle unjustified
assumptions that there would be no negligible extinction and that
the primary star would be constant. They are also using the 2MASS
magnitudes of A, and the models of Baraffe et al. (1998) to estimate
the mass of the primary to be 0.85 +0.2−0.1 M. Since these mass limits
for the companion are below the mass limit for Deuterium burning
of about 13 MJup, Lafrenière et al. (2008) state that the companion
should be a planetary mass object. Given the recent revision of the
age for US, Pecaut et al. (2012) recalculated the mass, using the
luminosities by Lafrenière et al. (2008) and the DUSTY models by
Chabrier et al. (2000). They calculate a mass of 14+2−3 MJup, placing
the companion just above the Deuterium burning mass limit, and
hence state that it seems more likely to be a brown dwarf, rather
than a planetary mass object.
The common proper motion of the companion with the primary was
more recently confirmed in Lafrenière et al. (2010) with a signifi-
cance of 6σ.
2.6 UScoCTIO108
UScoCTIO 108 is a brown dwarf and also member of US. It
was discovered in the survey by Ardila et al. (2000) carried
out at the Cerro Tololo Inter-American Observatory (CTIO).
The membership in US was determined by photometry and low
resolution spectroscopy, and the mean distance of the association
of 145± 2 pc was adopted, as well as the age of the association of
about 5 Myr.
The companion to UScoCTIO 108 was discovered by Béjar
et al. (2008), using 2MASS images. They then did follow-up
observations using the Wilhelm Herschel Telescope and the Tele-
scopio Nazionale Galileo. Additionally, they used the NIRSPEC
instrument on the Keck II Telescope to obtain high resolution
near-infrared spectra. The companion is located at a distance of
4.6 arcsec to the south of the primary, at a PA of 177◦.
Béjar et al. (2008) fit the spectrum of UScoCTIO 108 and its
companion by comparison with other young and field dwarfs.
They give a spectral type of M 7± 0.5 for the primary and M 9.5
for the companion. Using their photometry and the COND models
by Baraffe et al. (2003), as well as the distance and age of US, they
estimate a mass of 60± 20 MJup for the primary and 14+2−8 MJup for
the companion, placing the companion just above the Deuterium
burning mass limit. Therefore, the companion is most likely a
low mass brown dwarf. This mass estimate changes slightly if
the revised age for US is used as given in Pecaut et al. (2012).
They calculate a companion mass of 16+3−2 MJup using the DUSTY
models by Chabrier et al. (2000), making it even more likely that
UScoCTIO 108 B is indeed a brown dwarf, rather than a planetary
mass object.
Béjar et al. (2008) perform no proper motion analysis to confirm
companionship of UScoCTIO 108 B, but rather calculate the
probability for another US member to be within 10 arcsec of
UScoCTIO 108 as only 1.3 %, given the density of US. If indeed
bound, UScoCTIO 108 A and B form one of the widest substellar
binaries known to date.
3 OBSERVATIONS AND DATA REDUCTION
All observations in this study were conducted using VLT/NACO.
Generally the Ks-band filter was used due to the better Strehl ratio
in this band and the better contrast ratio between companion and
primary star as compared to bands at shorter wavelengths. In some
cases a neutral density filter was used in combination with the Ks
filter to prevent saturation of the bright primary stars. In the specific
case of the HD 203030 system the NB2.17 narrow band filter was
used instead of the Ks-band filter, again to prevent saturation of the
bright primary star but at the same time to get enough flux from
the faint companion in order to take a precise astrometric measure-
ment.
Since most companions are located at very small angular separa-
tions from their host stars (65 arcsec) we used the S13 objective
with a field of view of 14×14 arcsec for all but one of the target
systems. The companion to HD 203030 is approximately 12 arcsec
separated from its primary star and thus we utilized the S27 objec-
tive with a larger field of view of 28×28 arcsec in this case.
We used the jitter observation technique to subtract the bright
infrared sky background. Due to the different target characteris-
tics and observation program requirements, the detector integra-
tion times vary, but were generally chosen to provide a high signal-
to-noise on the faint companions while avoiding saturation of the
bright primary stars. Total integration times thus varied between
47.25 min and 0.6 min. Details of all observations are listed in
Tab. 1.
For data reduction we used the ESO-Eclipse software package
(Devillard 2001). All individual images were flatfielded and dark-
subtracted, then consecutive images taken at different dither posi-
tions were subtracted from each other to remove the infrared sky
background. The final reduced images were shifted and co-added.
To gain astrometric accuracy and improve detection limits the pri-
mary stars PSF (Point Spread Function) was subtracted using a roll
subtraction technique. For this purpose the reduced images were
artificially rotated in steps of 2◦ and at each step the rotated images
was subtracted from the original images. This was done for rotation
angles up to 360◦. The resulting difference images were then me-
dian combined to create a final image in which the radial symmetric
part of the stellar PSF is removed.
4 ASTROMETRIC CALIBRATION AND
MEASUREMENTS
In order to do high precision astrometric monitoring of our tar-
gets we need to do frequent astrometric calibrations of the used
detector. For this purpose we imaged the center of the globular
cluster 47 Tuc, for which precise astrometry from HST observa-
tions is available. GAIA (Graphical Astronomy and Image Anal-
ysis tool, Draper 2000) and the included SExtractor (Source Ex-
tractor, Bertin & Arnouts 1996) were used to extract the star posi-
tions from the HST image, and to create an astrometric reference
catalog. The same was done for the NACO images of 47 Tuc. The
NACO catalogs were then matched with the reference, and pixel
scales and detector orientations for each pair of stars were com-
puted. Sigma clipping was then applied to exclude all stars from
c© 2002 RAS, MNRAS 000, 1–24
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Table 1. Observation summary
Date Target Instrument Filter Exposure Time [s] 1 Pixel Scale [mas/pixel] DPA [◦]
2008-06-14 GQ Lup VLT/NACO S13 Ks 40×24×2.5 13.243± 0.086 +0.73± 0.40
2009-06-29 VLT/NACO S13 Ks 23×175×0.3454 13.234± 0.018 +0.42± 0.10
2010-05-05 VLT/NACO S13 Ks 5×126×0.347 13.231± 0.020 +0.67± 0.13
2011-06-05 VLT/NACO S13 Ks 45×126×0.5 13.234± 0.021 +0.65± 0.14
2012-03-03 VLT/NACO S13 ND_short / Ks 36×3×20 13.234± 0.022 +0.68± 0.15
2012-06-08 PZ Tel VLT/NACO S13 K s 9×51×1 13.234± 0.022 +0.68± 0.15
2012-06-08 PZ Tel VLT/NACO S13 ND_short / Ks 5×10×5 13.234± 0.022 +0.68± 0.15
1999-01-17 DH Tau HST/WFPC2 814w 20 / 200 2 45.539 3 130.37 3
2009-10-01 VLT/NACO S13 Ks 22×60×1 13.234± 0.018 +0.42± 0.10
2012-01-22 HST/WFC3 336w 1400 39.617 3 40.24 3
2012-01-22 HST/WFC3 475w 280 39.617 3 40.24 3
2012-01-22 HST/WFC3 625w 100 39.617 3 40.24 3
2012-01-22 HST/WFC3 673n 500 39.617 3 40.24 3
2012-01-22 HST/WFC3 775w 80 39.617 3 40.24 3
2012-01-22 HST/WFC3 850lp 40 39.617 3 40.24 3
2012-12-05 VLT/NACO S13 Ks 6×12×5 13.235± 0.030 +0.65± 0.11
2009-08-20 HD 203030 VLT/NACO S27 NB2.17 23×120×0.5 27.15 3 +0.42± 0.10
2009-08-15 1RXS J1609 VLT/NACO S13 Ks 23×60×1 13.234± 0.018 +0.42± 0.10
2009-08-16 UScoCTIO 108 VLT/NACO S13 Ks 31×1×60 13.234± 0.018 +0.42± 0.10
1 given in NEXP × NDIT × DIT if applicable, wherein DIT is the single integration time, NDIT the number of co-adds at one dither position and NEXP the number of dither positions
2 both images were taken at the same pointing, the long exposure was used to measure the companion position and the short exposure to measure the primary position
3 as provided in the respective image headers, no calibrators were available in these cases thus no uncertainties were calculated
the NACO catalogs, which produced significantly different pixel
scales and orientations. These discrepancies are most likely caused
by a higher proper motion of such stars and hence larger deviations
from the measured HST positions. The standard deviations of the
pixel scales and detector orientations were adopted as uncertainties
for both values.
Images were usually taken in the same night (or within a few
nights) as the science targets. However, the observations in 2009
as well as in early 2012 were conducted in service mode and thus it
was not possible to obtain astrometric calibrators at the same time
as the science targets. We thus relied on astrometric calibrations
that have been taken with a time difference of up to 3 months. For
NACO’s S27 objective, which was employed on 2009-08-20 to im-
age HD 203030, there was no calibrator available to compute the
pixel scale and its uncertainty (the detector orientation could still be
calibrated with the 2009 calibrator). Thus in this case we relied on
the information provided in the image header. All of the astrometric
calibrations used in this work have been previously published in ei-
ther Neuhäuser et al. (2008), Mugrauer et al. (2012) or Ginski et al.
(2014). In Fig. 1 we show the utilized astrometric solutions versus
time. In addition we show astrometric solutions by Chauvin et al.
(2010) which utilized the Trapezium cluster as astrometric calibra-
tor. As can clearly be seen the pixel scale and orientation of NACO
were stable between 2010 and 2012 with variations much smaller
than the expected uncertainties. Thus our approach is justified. The
final astrometric solutions used in each observation epoch are listed
in Tab. 1.
To measure the relative positions of primary star and companion
we fitted a two dimensional gaussian to both components. To en-
sure that the bright halo of the primary stars is not influencing the
position measurement of the faint companions, we removed the pri-
mary stars’ PSF before measuring the companions’ positions as
described in the previous section. Each individual measurement
was repeated several times with varying start parameters in order
to ensure the stability of the fitted position. The measured image
positions were then translated into angular separation and relative
position angle on the sky using the astrometric solutions listed in
Tab. 1. The final results are listed in Tab. 2. The given uncertain-
ties were calculated in each case by taking into account the average
uncertainty of all individual image position measurements and the
uncertainties of the astrometric calculations.
5 PHOTOMETRY
For all our new VLT/NACO observation epochs we performed rel-
ative aperture photometry between primary star and companion.
For this purpose we utilized the Aperture Photometry Tool (Laher
et al. (2012)). The aperture size was in each case adjusted to two
times the full width at half maximum of the companion PSF. Com-
panion and primary star instrumental magnitudes were then always
measured with the same aperture size. Care was taken to ensure
that the region used for background estimation was not polluted
by light from the primary star or the companion. To prevent con-
tamination of the companion flux from the bright primary halo, the
primary PSF was always subtracted as described in section 3 before
the companion’s instrumental magnitude was measured. The final
results are listed in Tab. 2.
The apparent magnitudes of the companions were calculated using
the obtained differential magnitudes as well as the 2MASS mea-
surements of the primary stars. In the case of UScoCTIO 108 no
2MASS measurement was available and we thus relied on the pri-
mary star’s magnitude as given in Béjar et al. (2008). In the case
of the GQ Lup system the companion is in all observation epochs
located close to a diffraction spike of the primary star. Thus the
described PSF subtraction technique could not completely remove
c© 2002 RAS, MNRAS 000, 1–24
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Figure 1. Astrometric calibration of VLT/NACO in different observing
epochs. The circle markers show astrometric solutions used in this work,
all of them derived with the core of 47 Tuc as astrometric calibrator. The
crosses show earlier astrometric solutions by Chauvin et al. (2010), which
use Trapezium as astrometric calibrator.
the flux contamination of the companion. The given magnitude dif-
ferences should therefore be regarded as lower limits. Furthermore,
in all cases where only lower limits are listed, the primary star was
saturated or out of the linear regime of the detector and thus a pre-
cise determination of a differential magnitude was not possible.
The given uncertainties for the differential magnitudes include the
uncertainties of the instrumental magnitudes of primary and com-
panion. In addition, we conservatively included the small devia-
tions in our error budget that were caused by a change of the aper-
ture size of one pixel. The uncertainties of the given apparent mag-
nitudes then also include the uncertainty of the respective 2MASS
(or Béjar et al. 2008) measurement.
In the case of the GQ Lup system we measure a maximum variation
of the magnitude difference of 0.115± 0.032 mag. This variation
could be introduced by the primary star and would then be con-
sistent with the brightness variations of GQ Lup A found by Broeg
et al. (2007), which showed an amplitude of up to 0.44 mag in K.
A similar variation of 0.154± 0.032 mag is observed in our mea-
surements of the DH Tau system. Due to the nature of our measure-
ments it is not possible to decide if the variation is due to varia-
tions of the primary star or the companion. However, T Tauri stars
are known to exhibit variations much stronger than this (see e.g.
Grankin et al. 2007).
6 ARCHIVAL OBSERVATION EPOCHS AND
LITERATURE DATA POINTS
6.1 GQLup
In addition to our observations of the GQ Lup system, we utilized
several literature data points. There were a total of 7 observation
epochs available taken between 2004-06-24 and 2007-02-16 with
VLT/NACO and published by Neuhäuser et al. (2008). For all those
data points the astrometric calibration was done by the authors with
images of the binary star HIP 73357 imaged in the same night as the
science targets. The uncertainties include the uncertainties of the
gaussian centering as well as the uncertainties of the astrometric
solution. The derived astrometric solutions are given in Neuhäuser
et al. (2008) and show no strong offsets to our own astrometric cal-
ibrations for our later observation epochs.
Furthermore we include the original Subaru/CIAO data point of
2002-06-17 and the HST/WFPC2 measurement of 1999-04-10 in
our analysis that were published in the discovery paper of this sys-
tem by Neuhäuser et al. (2005). For the Subaru data point the au-
thors used the astrometric calibration provided in Fukagawa et al.
(2003) while the HST data point was calibrated with the astrometric
solution given in Holtzman et al. (1995). In both cases the uncer-
tainties of the data points include the uncertainties of the astromet-
ric solutions as well as the uncertainties of the gaussian centering.
For the Subaru observation we only take the separation measure-
ment into account since no position angle measurement was pro-
vided in the original study due to missing astrometric calibrators.
Finally we also included the tentative pre-discovery observations of
GQ Lup b by Janson et al. (2006) in ComeOn+/Sharp2 data taken
at the ESO LaSilla 3.6 m telescope on 1994-04-02 in our study. The
data was astrometrically calibrated by the authors of that study by
observations of the binary system IDS 17430S6022. The uncertain-
ties of this data point are significantly larger than any of our other
measurements due to the spurious nature of the detection.
6.2 PZTel
In this study we utilized six additional literature data points for
the PZ Tel system, all taken with VLT/NACO and published by us
in Mugrauer et al. (2012). The measurements were taken between
2007-06-13 and 2011-06-06. All of the images were taken in Ks-
band, sometimes with an additional neutral density filter in place to
prevent the bright primary star from saturating. In all but the 2007
epoch NACO’s S13 objective was utilized. In the 2007 epoch the
S27 objective was used. Astrometric calibration was performed as
described in section 4. The only exception is again the 2007 epoch
for which the astrometric solution was taken from Chauvin et al.
(2010). All utilized data points are listed in Tab. 3.
6.3 DHTau
In addition to our own VLT/NACO observations we used available
HST archival data of the DH Tau system. The observations were
carried out on 1999-01-17 and 2012-01-22 using the Planetary
Camera detector of WFPC2 (Trauger et al. 1994) and WFC3
(Kimble et al. 2008) respectively. In the 2012 observation epoch,
data in multiple bands was available, while in 1999 data was taken
in the F814w wide band filter at integration times of 20 s and 200 s.
Details of these observations are listed in Tab. 1. In all cases we
used the standard reduced data as provided by the HST science
archive for our analysis. Since no astrometric calibrators were
directly available we rely in both cases on the astrometric solution
given in the image headers. In the case of the 1999 measurements
we determined the primary star’s position in the short exposure
image and the companion position in the long exposure image.
This was necessary because the star is heavily saturated in the long
exposure, but the companion is not visible in the short exposure
image. We checked the pointing accuracy for both images with the
data given in the image headers and found that the two pointing
positions differ only by ∼0.5 mas, i.e. differential pointing effects
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Table 2. Astrometric and photometric measurements
Date Primary Separation [arcsec] Position Angle [◦] Filter ∆ mag mag of comp. [mag]
2008-06-14 GQ Lup 0.7255± 0.0050 276.66± 0.50 Ks >6.1 >13.2
2009-06-29 0.7264± 0.0016 276.54± 0.17 Ks 6.378± 0.024 13.474± 0.031
2010-05-05 0.7256± 0.0014 276.86± 0.18 Ks 6.290± 0.025 13.386± 0.032
2011-06-05 0.7240± 0.0020 276.94± 0.23 Ks 6.400± 0.046 13.496± 0.050
2012-03-03 0.7240± 0.0020 277.04± 0.24 ND_short / Ks 6.405± 0.020 13.501± 0.028
2012-06-08 PZ Tel 0.4201± 0.0013 59.55± 0.19 Ks >4.6 >10.99
2012-06-08 PZ Tel 0.4188± 0.0014 59.61± 0.24 ND_short / Ks 5.160± 0.060 11.530± 0.060
1999-01-17 DH Tau 2.3320± 0.0099 138.68± 0.19 814W - -
2009-10-01 2.3393± 0.0041 138.63± 0.14 K s 5.995± 0.018 14.173± 0.032
2012-01-22 2.3323± 0.0061 138.76± 0.16 averaged - -
2012-12-05 2.3427± 0.0057 138.61± 0.15 Ks 6.149± 0.026 14.327± 0.037
2009-08-20 HD 203030 11.9764± 0.0290 108.92± 0.14 NB2.17 9.33± 0.13 -
2009-08-15 1RXS J1609 2.1989± 0.0035 27.08± 0.13 Ks 7.391± 0.012 16.307± 0.024
2009-08-16 UScoCTIO 108 4.5641± 0.0112 176.79± 0.19 Ks 2.789± 0.031 15.299± 0.131
between the two exposures are negligible. We also checked for
differential image orientation and found that the discrepancy is
of the order of 10−6◦, i.e. also negligible. In the case of the 2012
observations, we measured the separation and relative position
angle of the companion and the primary star in each filter. We then
computed the average values for both quantities. The results for
both epochs are listed in Tab. 2. The uncertainties that are listed are
the uncertainties resulting from the image position measurements
of primary and companion, i.e. no uncertainty of the astrometric
solution is included since it is unknown. In the case of the 2012
epoch the average value of the measurements in different filters
is given. The standard deviation between those measurements is
slightly higher in separation (0.010 arcsec) but lower in position
angle (0.08◦).
The HST data of 1999-01-17 was already used by Itoh et al. (2005)
to perform an astrometric measurement. The original result is
listed in Tab. 3. They stated that they used the astrometric solution
provided in Holtzman et al. (1995) to calibrate the HST measure-
ment. Itoh et al. (2005) also present two additional observations
carried out with the Subaru telescope and the CIAO instrument.
The observations were executed on 2002 November 23 and 2004
January 08. However, in 2003 the detector of the CIAO instrument
was replaced with a new infrared array and hence the astrometric
solution of the instrument changed slightly. Both CIAO data
points should therefore be regarded as systematically uncorrelated
measurements.
For the astrometric calibration of the 2002 data point, the authors
used the astrometric solution presented in Itoh et al. (2002),
wherein observations of the Trapezium cluster with the CIAO in-
strument are compared with reference observations of Simon et al.
(1999). They calculated a pixel scale of 21.250±0.025 mas/pixel
and provided a general uncertainty of the detector orientation
of 0.073◦. It should be noted that these astrometric calibrations
were done in January of 2001, whereas the science observation
was executed in November 2002, almost two years later. There is
no information about the astrometric stability of the instrument
provided in Itoh et al. (2005).
For the 2004 data point, a changed pixel scale of
21.33±0.02 mas/pixel after the instrument refurbishment is
provided. There is, however, no information given as to how this
astrometric solution was computed, especially if the Trapezium
cluster was used again for calibration and if the astrometric
calibration was done in the same night as the science observation.
It is therefore possible that there are systematic offsets between
these two data points.
For both CIAO data points, the total astrometric uncertainties
include the uncertainty of the astrometric solution as well as
the standard deviation of multiple measurements of the object
positions. They do not include the measurement uncertainty of
each single measurement. Hence it could be that the uncertainties
of these astrometric measurements are underestimated.
All astrometric measurements are listed in Tab. 3
6.4 HD203030
There are four additional literature data points available for the
HD 203030 system by Metchev & Hillenbrand (2006). They
observed the system three times between 2002 and 2005 with
the Hale 200 inch (5 m) telescope at the Palomar observatory,
utilizing the PALAO AO system (Troy et al. 2000) and the PHARO
camera (Hayward et al. 2001). They took combinations of deep
(long time exposed) coronagraphic images and short exposure
non-coronagraphic images in J-, H- and Ks-band to measure the
positions of the bright primary and the faint companion. The pixel
scale of the instrument is about 25.09 mas/pixel.
They also observed the system on 2005-07-12 with the Keck 10 m
telescope, using the KeckII AO system (Wizinowich et al. 2000)
and the NIRC2 instrument (see e.g. McLean & Sprayberry 2003).
They employed the 20 mas/pixel pixel scale of the instrument for
coronagraphic observations in the Ks-band.
All literature epochs were calibrated astrometrically by the authors
with images of the visual binary WDS 18055+0230 taken in
the same nights as the science observations. For this binary, a
high grade astrometric orbit solution is available in the Sixth2
Catalog of Orbits of Visual Binary Stars. Furthermore, there were
distortion solutions available for both instruments by Metchev
(2006), which the authors used for geometric distortion correction.
2 See http://ad.usno.navy.mil /wds/orb6.html
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They considered the uncertainties of the astrometric calibration
and of the individual measurements for calculation of the total
astrometric uncertainty of each data point.
Of the mentioned data points, only the first one taken on 2002-08-
28 was explicitly given in Metchev & Hillenbrand (2006), but the
others could be extracted from a figure therein with a precision of
∼ 1.5 mas in separation and ∼ 0.01◦ in PA. All data points are listed
in Tab. 3. Given the listed astrometric uncertainties, the additional
uncertainties from the extraction of the data points is negligible.
6.5 1RXS J160929.1-210524
In addition to the VLT/NACO observation presented in section 3,
there were astrometric data points of the 1RXS J160929.1-210524
system available in publications by Lafrenière et al. (2010) and
Ireland et al. (2011).
Lafrenière et al. (2010) present astrometric measurements obtained
with the Gemini-North Telescope and the NIRI instrument in
combination with the ALTAIR AO system. The observations were
executed between early 2008 and mid-2009. All data points are
listed in Tab. 3. They did not observe any astrometric calibrators
and could hence only use the stored header information for pixel
scale and detector orientation. They also note that the pixel scale
of 21.4 mas/pixel that they used is not well calibrated in their
chosen observation mode with the ALTAIR field lens in place (see
also the ALTAIR instrument webpage3). However, in all of the
Gemini-North observations, six background stars were present in
the field of view. Separation and PA of these background stars with
respect to 1RXS J160929.1-210524 A were monitored throughout
the different observation epochs and compared with the predicted
values, given the proper motion of 1RXS J160929.1-210524 A.
While the pixel scale and orientation can not be absolutely
calibrated this way, its is possible to monitor changes between
the observing epochs. The maximum changes that were measured
by Lafrenière et al. (2010) correspond to 6 mas in separation and
0.1◦ in PA, hence these values were adopted by the authors as the
maximum uncertainties of their astrometric measurements.
Ireland et al. (2011) observed the 1RXS J160929.1-210524 system
with the Keck 10 m telescope and the NIRC2 instrument. Their two
data points taken mid-2008 and mid-2009 are listed in Tab. 3. They
do not report any astrometric calibrators imaged, but rather use the
astrometric solution of the instrument as provided by Ghez et al.
(2008). They therein report a pixel scale of 9.963± 0.005 mas/pixel
and a detector orientation of 0.13◦ ± 0.02◦ as calculated by
their high precision observations of the galactic center. These
calibration observations were conducted between mid-2005
and late 2007. The astrometric solution was, in this timeframe,
stable within the given uncertainties. The total uncertainties of
the astrometric measurements by Ireland et al. (2011) include
the uncertainties of the astrometric solution and the standard
deviation of multiple position measurements, both added in
quadrature. However, they neglected the actual uncertainty of each
individual position measurement, which was most likely signifi-
cantly larger than the standard deviation of multiple measurements.
3 http://www.gemini.edu/sciops/instruments/altair/field-lens-option
6.6 UScoCTIO108
There is only one astrometric data point of UScoCTIO 108 A and
B available in the literature. Béjar et al. (2008) measured the sepa-
ration and PA in their observations with the IAC (Instituto de As-
trofísica de Canarias) 80 cm telescope in the I-band on 2007 July
05. They used a pixel scale of 305 mas/pixel, but did not provide
any information on the astrometric calibration of their observations.
Their result is listed in Tab. 3.
7 PROPER MOTION ANALYSIS
7.1 GQLup
The proper motion diagrams of the GQ Lup system including all
data points from Tab. 2 and Tab. 3 are shown in Fig. 2a and Fig. 2b.
As was expected for the GQ Lup system, the background hypothe-
sis, i.e. the hypothesis that the companion is a non-moving back-
ground object, can be rejected with a very high significance of
12.3σ in separation and > 13.1σ in PA. At the same time a clear
decline of separation and an increase of the PA are visible, es-
pecially if the measurements of Neuhäuser et al. (2008) and the
new high precision measurements of this study are considered. As
already mentioned in section 6.1 it is unlikely that the observed
differential motion is caused by a systematic offset since it is de-
tectable in both independent datasets, which were taken with the
same instrument in similar configurations.
To determine the differential velocity in separation and PA we fit-
ted a linear function to the astrometric measurements, which is in-
dicated as (red) line in Fig. 2a and Fig. 2b. The fit yielded a de-
cline in separation of 1.4± 0.3 mas/yr and an increase of PA of
0.16◦ ± 0.03◦ /yr. This is highly significant with 4.7σ and 5.3σ,
respectively. The early astrometric measurement by Janson et al.
(2006) does not fit well with these values, however, this measure-
ment also has very large uncertainties and is thus consistent with
the solution within 1.3 sigma.
The strong detection of differential motion encouraged us to fit rel-
ative Keplerian orbits to the astrometric data points. This assumes
that GQ Lup A and B form indeed a gravitationally bound system,
which is likely, but can only be finally confirmed once significant
curvature in the orbit can be detected. The resulting orbit analysis
is discussed in the following section.
In addition to the well known co-moving companion to GQ Lup A,
we found a previously not recognized faint companion candidate
in the 2004-06-24 and 2008-06-14 observation epochs. It is not de-
tected in other observation epochs because they are either not deep
enough or an unfavorable jitter pattern was employed that left the
companion candidate outside the field of view. The object is located
at a separation of 6.931± 0.027 arcsec and a PA of 93.52± 0.27 in
the 2004 observation epoch and is indicated in Fig. 3. We refer to
it as "cc3", since it is the third companion candidate discovered
in the close vicinity of GQ Lup,A (cc2 in Neuhäuser et al. 2008).
The corresponding proper motion diagrams are shown in Fig. 4.
The astrometric measurements are slightly more consistent with a
non-moving background object than with an additional co-moving
companion. The background hypothesis cannot be rejected with
any reasonable significance (0.6σ and 0.02σ, for separation and
PA respectively). However, an additional astrometric measurement
should be performed to exclude without doubt that the object is co-
moving with GQ Lup A. Since it seems more likely that the object
is a background object, it was treated as such and thus ignored in
the subsequent orbit analysis of GQ Lup B.
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Table 3. Astrometric literature data points
Date Primary Separation [arcsec] Position Angle [◦] Reference
1994-04-02 GQ Lup 0.7138± 0.0355 275.5± 1.1 Janson et al. (2006)
1999-04-10 0.739± 0.011 275.62± 0.86 Neuhäuser et al. (2005)
2002-06-17 0.7365± 0.0057 - Neuhäuser et al. (2005)
2004-06-24 0.7347± 0.0031 275.48± 0.25 Neuhäuser et al. (2008)
2005-05-25 0.7351± 0.0033 276.00± 0.34 Neuhäuser et al. (2008)
2005-08-06 0.7333± 0.0039 275.87± 0.37 Neuhäuser et al. (2008)
2006-02-20 0.7298± 0.0033 276.14± 0.35 Neuhäuser et al. (2008)
2006-05-18 0.7314± 0.0035 276.06± 0.38 Neuhäuser et al. (2008)
2006-07-15 0.7332± 0.0050 276.26± 0.68 Neuhäuser et al. (2008)
2007-02-16 0.7300± 0.0064 276.04± 0.63 Neuhäuser et al. (2008)
2007-06-13 PZ Tel 0.2556± 0.0025 61.68± 0.60 Mugrauer et al. (2012)
2009-09-27 0.3366± 0.0012 60.52± 0.22 Mugrauer et al. (2012)
2010-05-07 0.3547± 0.0012 60.34± 0.21 Mugrauer et al. (2012)
2010-10-27 0.3693± 0.0011 59.91± 0.18 Mugrauer et al. (2012)
2011-03-25 0.3822± 0.0010 59.84± 0.19 Mugrauer et al. (2012)
2011-06-06 0.3883± 0.0005 59.69± 0.10 Mugrauer et al. (2012)
1999-01-17 DH Tau 2.351± 0.001 139.36± 0.10 Itoh et al. (2005)
2002-11-23 2.340± 0.006 139.56± 0.17 Itoh et al. (2005)
2004-01-08 2.344± 0.003 139.83± 0.06 Itoh et al. (2005)
2002-08-28 HD 203030 11.923± 0.021 108.76± 0.12 Metchev & Hillenbrand (2006)
2003-07-15 11.918± 0.056 108.67± 0.19 Metchev & Hillenbrand (2006)
2004-06-26 11.880± 0.056 108.59± 0.21 Metchev & Hillenbrand (2006)
2005-07-12 11.926± 0.056 108.82± 0.34 Metchev & Hillenbrand (2006)
2008-04-27 1RXS J1609 2.215± 0.006 27.75± 0.10 Lafrenière et al. (2010)
2008-06-17 2.221± 0.006 27.76± 0.10 Lafrenière et al. (2010)
2008-06-18 2.2101± 0.001 27.62± 0.04 Ireland et al. (2011)
2009-04-05 2.222± 0.006 27.65± 0.10 Lafrenière et al. (2010)
2009-05-30 2.2113± 0.0009 27.61± 0.05 Ireland et al. (2011)
2009-06-29 2.219± 0.006 27.74± 0.10 Lafrenière et al. (2010)
2007-07-05 UScoCTIO 108 4.6± 0.1 177± 1 Béjar et al. (2008)
7.2 PZTel
In the case of the PZ Tel system we added one new astrometric data
point to our astrometric monitoring campaign of this object pub-
lished in Mugrauer et al. (2012). The corresponding proper mo-
tion diagrams can be found in Fig. 2c and Fig. 2d. The new data
point of 2012-06-08 follows very well (within 1σ) the expected in-
crease of separation of 30.5± 0.3 mas/yr that was calculated in Mu-
grauer et al. (2012) and is indicated by the (red) line in the diagram
(calculations excluded the 2007 data point which clearly deviates
from the linear fit). In position angle the new data point deviates by
about 2σ from the linear decrease of 0.5◦ ± 0.2◦ /yr fitted also by
Mugrauer et al. (2012). Since the measured position angle in this
epoch is larger than predicted by a simple linear decrease fit, this
could be an indication for further deceleration, as was already con-
firmed with high significance for the timeframe between the first
epoch in 2007 and the successive observation on 2009-09-27 in
Mugrauer et al. (2012). Further deceleration would be expected if
the companion moves towards its apastron. However, the deviation
from a constant decrease of position angle is only ∼2σ and is thus
not yet significant. In section 8.3 we use the literature data points
along with our new measurement to update the orbit analysis of the
PZ Tel system.
7.3 DHTau
In Fig. 2e and Fig. 2f proper motion diagrams containing all dis-
cussed astrometric data points of the DH Tau system are shown.
If we consider only our own measurements, then the background
hypothesis can be rejected with 4.0σ in separation and 7.6σ in
position angle. However, if the Subaru data points by Itoh et al.
(2005) are considered and compared with our own VLT/NACO
measurement, then we can only reject the background hypothe-
sis in separation. The change of position angle between the NACO
and Subaru measurements are actually much more consistent with a
non-moving background object. This could be related to problems
with the astrometric calibration of this data set, as was discussed
in section 6.3. It seems highly probable that the uncertainties of
these measurements are underestimated. Most specifically the un-
certainty given for the 2004 Subaru position angle measurement is
only 0.06◦, while the average uncertainty of the detector orientation
that was given by the same authors is 0.073◦.
Even more puzzling than the Subaru measurements is the 1999
HST measurement. Using the same data set, our own measurement
deviates from the measurement by Itoh et al. (2005) by 0.68◦ in
position angle, i.e. more than 3σ. This could be partially due to
the fact that different geometric distortion solutions were applied
in both cases. However, the discrepancy seems too large to be ex-
plained by this. In any case, since we used the latest geometric dis-
tortion solution available we are quite confident in our own result.
c© 2002 RAS, MNRAS 000, 1–24
10 C. Ginski et al.
This confidence seems justified given that all our measurements
show a consistent behavior of the system, i.e. all our measurements
are consistent within 1σ for position angle and within 2σ for sep-
aration. We thus conclude that no orbital motion can be detected
in the DH Tau system with a time baseline of ∼13 yr. This is not
entirely surprising given the low mass of primary and companion
as well as the large projected separation of ∼330 au.
7.4 HD203030
Considering the first astrometric data point of epoch 2002.658 and
the latest VLT/NACO measurement of epoch 2009.637, the back-
ground hypothesis can be rejected with 23.5σ in separation and
with 4.5σ in PA. If all data points are taken into account, it is pos-
sible to fit a linear increase in separation of 7.9± 2.9 mas/yr and a
linear increase in PA of 0.045◦ ± 0.025◦ /yr. However, the signifi-
cance of the detected differential motion is low, with only 1.5σ in
separation and 1.2σ in PA. The Keck data point of epoch 2005.533
and the VLT/NACO data point of epoch 2009.637 would also be
consistent with no differential motion. There is also no intrinsic
differential motion detected in the data points by Metchev & Hil-
lenbrand (2006). This could be due to the larger uncertainties and
the shorter time difference between these measurements, but could
also indicate that the fitted differential motion is caused by a sys-
tematic offset between the literature dataset and the VLT/NACO
measurement. The later alternative would be supported by the fact
that the pixel scale of NACO with the S27 objective was not cali-
brated as explained in section 4, but was only taken from the image
header. Furthermore, it was not corrected for geometric distortions
of the NACO S27 setup, as there is no geometric distortion correc-
tion available. Given the large separation of ∼ 11.9 arcsec between
primary and companion, a change in the pixel scale of ∼ 1 % could
already lead to a change of separation in the order of ∼ 0.1 arcsec.
Given the above considerations, it remains doubtful if the detected
differential motion between 2002 and 2009 is a real effect. An addi-
tional measurement with VLT/NACO could shed some light on this
question. If the fitted differential motion is taken into account as
well as the precision of the VLT/NACO measurement, a significant
change in separation should be detectable after a time difference of
∼ 3.6 yr. For PA this takes about ∼ 5.5 yr. The system should hence
be observed again in the near future.
If the detected differential motion is indeed a real effect, then it
would be consistent with an inclined and eccentric orbit, since
changes in separation and PA are observed which are both smaller
than predicted for a circular orbit.
7.5 1RXS J160929.1-210524
The corresponding proper motion diagrams to the data points listed
in Tab. 2 and Tab. 3 are shown in Fig. 2i and Fig. 2j. In both sepa-
ration and PA there is an offset between the datasets of Lafrenière
et al. (2010) and Ireland et al. (2011). Given the observations of
2008.460 and 2008.462, which were conducted on consecutive
nights where one can assume that separation and PA of the com-
panion with respect to the primary have not changed, the systematic
offset in separation is in the order of ∼11 mas and the offset in PA is
in the order of ∼0.14◦. Furthermore, both datasets seem to show a
systematic offset towards the 2009.623 VLT/NACO measurement
presented in this work. The significant differences, especially in
PA, when comparing this measurement to the 2009.497 measure-
ment of Lafrenière et al. (2010) and the 2009.415 measurement of
Ireland et al. (2011) (0.49◦ and 0.36◦ respectively), are most likely
caused by systematic offsets rather than differential proper motion,
given the very short time difference of only a few months.
Systematic offsets between the two literature datasets could be
caused by the essentially uncalibrated astrometric solution used by
Lafrenière et al. (2010) as already discussed. In addition, the astro-
metric solution used by Ireland et al. (2011) was computed more
than one year before the science epochs. Although this solution
was stable over a timeframe of several years beforehand, there is
always the possibility of a glitch in the system causing the solution
to change, even more so if there was some maintenance work done
on the detector or the AO system between 2007 and mid-2008. Fur-
thermore, given our own experiences the individual measurement
errors in one image frame can be as much as ten times as large as
the standard deviation of measurements in multiple image frames
as considered by Ireland et al. (2011) for the total astrometric un-
certainty of their measurements. Hence it seems likely that these
uncertainties are underestimated. Larger uncertainties of these data
points would put them in better agreement with the data points by
Lafrenière et al. (2010) and the VLT/NACO measurement.
Given the discussed difficulties, it is not appropriate to compare the
two literature datasets, or each of the literature datasets individu-
ally with the VLT/NACO measurement to derive a potential dif-
ferential motion between primary and companion. It is, however,
possible to compare the data points within each literature dataset
independently since there should be negligible systematic effects
between measurements done with the same instrument settings and
astrometric calibrations. The result shows for neither of the two
datasets a significant (>1σ) differential motion in the covered time-
frame. The largest change can be observed between the two mea-
surements of Ireland et al. (2011) in separation, with an increase of
0.012 arcsec and a corresponding significance of 0.92σ. This sig-
nificance decreases drastically if the measurement uncertainties are
underestimated as suspected. Hence it is very questionable whether
or not this is a real effect.
Given the proper motion of the primary, which is generally in
the direction of the companion, the separation between the two
objects should decrease while the PA should stay approximately
the same (save parallactic changes), if the companion would be a
background object (as indicated by the grey areas in Fig. 2i and
Fig. 2j). Considering the discussed systematic offsets between the
different datasets, a prediction of the significance level on which
the background hypothesis can be rejected would be very unreli-
able in PA, with only minimal differences between real compan-
ions and background objects. In separation, the effect of the pri-
mary’s proper motion on a background object is, however, much
stronger. If the VLT/NACO measurement and the first measurement
of 2008.321 are taken into account, the background hypothesis can
be rejected with 4.28σ. Even given the discussed systematic off-
sets, this should place the significance level with which the back-
ground hypothesis can be rejected well above 3σ. Hence, we can
independently confirm that primary and companion share a com-
mon proper motion and are thus most likely orbiting each other,
although no orbital motion can be detected yet.
7.6 UScoCTIO108
In Fig. 2k and Fig. 2l both available data points are plotted
in proper motion diagrams. The VLT/NACO measurement is
approximately ten times more precise in separation and 4 times
more precise in PA, and is hence the most precise astrometric
measurement of these two objects to date. Due to the large
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uncertainty of the first astrometric measurement, and the proper
motion of the primary (-7.4±4.6 mas/yr and -20.4±4.6 in R.A. and
Dec respectively, Roeser et al. 2010), the background hypothesis
can not yet be rejected with any reasonable significance. Given
the precision level of our VLT/NACO measurement, a similar
measurement in the immediate future would allow for rejection of
the background hypothesis in separation with ∼3σ if both objects
are indeed co-moving.
It is not possible to detect any orbital motion of UScoCTIO 108 B
around A, for the same reason that the background hypothesis can
not yet be rejected. Furthermore, Béjar et al. (2008) calculated that
the escape velocity of this alleged wide low-mass binary would
only be 0.4 km/s. Given the projected separation of ∼670 AU, and
assuming a face-on orbit, this means that the orbital motion in PA
should be smaller than 10−5 ◦/yr. Considering the uncertainties of
the VLT/NACO measurement, it would take ∼ 47000 yr to detect
orbital motion on the 1σ level. Similar considerations for an
edge-on orbit yield a time baseline of ∼ 35000 yr for an analog
detection in separation. However, the two objects could in principle
show a significant higher differential motion if they are not bound
or in the process of ejection.
8 ORBIT CONSTRAINTS
8.1 Least-Squares Monte-Carlo approach
In order to constrain the possible orbits of systems that show
significant differential motion we used a Least-Squares Monte-
Carlo (LSMC) approach. For each system we randomly generated
5×106 sets of orbit elements from a uniform distribution. We then
used these orbit elements as starting points for least-squares op-
timizations utilizing the Levenberg-Marquardt algorithm (Leven-
berg 1944). To restrict the possible parameter space, we generally
assumed that the systems are long-term stable, i.e. that they are
stable against disruptions in the galactic disk. For this purpose we
utilized the criterion for the maximum semi-major axis amax[au]=
1000 Mtot/M of Close et al. (2003), where Mtot is the combined
system mass in solar masses. In addition, we fixed the system mass
for both of the discussed systems thereby reducing the number of
free parameters by one to a total of six. A more detailed discussion
of this approach is given in Ginski et al. (2013).
8.2 GQLup system
For the GQ Lup system we fixed the total system mass to 0.7 M
and we restricted the semi-major axis to values smaller than
5 arcsec (700 au) by the criterion given in the previous section. Fur-
thermore we also restricted the semi-major axis to values larger
than 0.54 arcsec. This was done because Dai et al. (2010) found a
circumstellar disk around GQ Lup A with an outer radius as large
as 75 au which corresponds to 0.54 arcsec at 140 pc. While the disk
was only marginally resolved by Dai et al. (2010) with the SubMil-
limeter Array at 1.3 mm they state that their SED modelling shows
no indications for gaps or holes in the disk. Thus we find it likely
that the orbit of the sub-stellar companion to GQ Lup is not inter-
secting with the disk.
In Fig. 5 we show the 1 % best fitting solutions out of 5,000,000
runs of our LSMC fit, i.e. the solutions with the smallest reduced
χ2. Shown are all orbit elements as a function of eccentricity. As
can be seen in Fig. 5a we can already exclude some combina-
tions of semi-major axis and eccentricity. Most notably for ec-
centricities close or equal to 0 we only find orbit solutions with
strongly localized peaks in semi-major axis around ∼0.9 arcsec and
∼1.4 arcsec. For larger eccentricities the range of possible semi-
major axes increases up to the point where we find orbit solutions
that satisfy the astrometric measurements that span the full range
of allowed semi-major axes between 0.54 arcsec and 5 arcsec. This
corresponds to orbit periods between 786.1 yr and 22149.7 yr. In
addition to wide orbits with low eccentricities we can also exclude
short orbits with very high eccentricities. For a semi-major axis
smaller than 1.26 arcsec we only find solutions with eccentricities
smaller than 0.8. In general we recover more orbit solutions with
small (<1.5 arcsec) semi-major axes than larger ones, with a total
of 57 % of our solutions falling in this category. We also observe
some notable peaks in the distribution of eccentricities at values of
0, 0.7 and 0.92.
In Fig. 5b we show the inclination as a function of eccentricity.
We find possible inclinations between 20.4◦ and 75.9◦ with strong
peaks in the distribution at 48.0◦, 58.8◦, 66.6◦ and 74.2◦. For ec-
centricities between 0 and 0.4 we can, however, exclude inclina-
tions smaller than ∼48◦. Similarly for large eccentricities above 0.8
we only find inclinations between 47.8◦ and 69.2◦. In principle, all
solutions with inclinations smaller than ∼45◦ correspond to semi-
major axes smaller than 1.25 arcsec, while for larger inclinations
the full range of semi-major axes is possible.
In Fig. 5c we show the longitude of the ascending node Ω ver-
sus eccentricity. Since there are no precise radial velocity mea-
surements of the system available, we show only solutions with
06 Ω 6180◦. Depending on the eccentricity the range of possible
longitudes varies significantly. Below an eccentricity of 0.6 we find
longitudes between 22.9◦ and 119.4◦, while above that threshold
longitudes up to 180◦ are possible. For even larger eccentricities
e∼0.7 longitudes down to 0◦ are found.
The argument of the periastron and the time of the periastron pas-
sage are shown in Fig. 5d and Fig. 5e, respectively. For orbits with
very small eccentricities up to ∼0.1 we can not put any constraints
on either of the two parameters. For large eccentricities above 0.8
we can narrow down the time of the periastron passage to the time-
frame between the years 1769 and 2657. In general the distribution
of the time of periastron passage shows strong peaks around the
years 2347 and 2604 as well as the year 5000. Movement towards
periastron is consistent with the decline in separation which we are
observing.
The three orbit solutions with the lowest reduced χ2 are shown
in Fig. 6 and the corresponding set of orbit elements is given in
Tab. 4. It should be noted that these orbits are not necessarily the
most probable solutions, but that in principle all recovered orbit
solutions with a reasonable good fit to the astrometric data points
should be regarded as equally likely. To determine when we can put
stronger constraints on the GQ Lup system orbit, we show in Fig. 7
the 300 orbits with the largest reduced χ2 out of the 1 % best fitting
sample. Orbits are plotted in separation and position angle together
with the currently available data points. Given the current level of
accuracy of our astrometric measurements, additional data points
taken in ∼2030 would enable us to further constrain the system’s
orbit parameters by excluding some of the currently possible orbit
solutions.
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Figure 2. Separation (a, left) and PA (b, right) plotted over time. The grey area enclosed by the wobbled lines represents the background hypothesis, i.e. the
position that a non-moving background object would have at the given time (given the proper motion of the primary star). The wobble is introduced by the
parallactic motion of the star due to earth’s revolution around the sun. The dashed lines represent the area for maximum orbital motion in case of a circular
orbit (assuming total system masses as discussed in section 2). For details concerning this method see Vogt et al. (2012).
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Figure 3. New companion candidate 3 to GQ Lup A in the 2004 observation
epoch with VLT/NACO.
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Figure 4. Separation and PA of the third companion candidate to GQ Lup
plotted over time. The astrometric results are more compatible with a non-
moving background source than with a co-moving object. However, given
the precision of our measurements it can not be completely ruled out that
the companion candidate is co-moving with GQ Lup A. Lines as in Fig. 2
8.3 PZTel system
For the PZ Tel system we fixed the total system mass to 1.2 M as
was already done by us in Mugrauer et al. (2012). This is not only
sensible given the mass estimates for the primary star and com-
panion discussed in section 2.2, but also enables us to compare the
results with our previous work. In our previous analysis of the sys-
tem we discussed an infrared excess found in the photometry of
Table 4. Orbit elements and χ2red of the best-fitting orbits of the substellar
companion of GQ Lup around its host star shown in Fig. 6
Nr. 1 2 3
a [arcsec] 0.54 0.92 0.69
e 0.52 0.69 0.21
P [yr] 786.1 1734.1 1138.3
i [◦] 39.6 46.4 53.7
Ω [◦] 77.9 126.6 76.5
ω [◦] 360.0 266.7 360.0
T0 [JD] 2550088.0 2529861.8 2609815.2
χ2red 0.34 0.34 0.34
the primary star with Spitzer/MIPS (Rieke et al. 2004) at 70µm by
Rebull et al. (2008). This prompted us to consider a circumstel-
lar or circumbinary disc in the system. We showed subsequently
that we could only recover orbit solutions that were consistent with
a circumbinary disc with an inner radius larger than 46 au. There
were no orbit solutions recovered that would allow for the exis-
tence of a circumstellar disc around PZ Tel A. Since then new far
infrared photometry of the PZ Tel system was published by Riviere-
Marichalar et al. (2014). They used Herschel/PACS (Poglitsch et al.
2008) to study the system at 70µm, 100µm and 160µm. They could
detect no significant infrared excess in the PZ Tel system and thus
exclude the existence of a circumbinary disc. The discrepancy be-
tween the findings of Herschel/PACS and Spitzer/MIPS might be
due to the larger pixel scale of the latter (3.3 arcsec/pixel versus
5.3 arcsec/pixel). It is conceivable that a background source might
have contaminated the original Spitzer measurement. Due to these
new findings we did not restrict the semi-major axis of the sys-
tem by the presence of a potential circumbinary disk, but instead
the semi-major axis was only restricted to values smaller than
23.3 arcsec for the stability considerations indicated in section 8.1.
The results of our LSMC fits are shown in Fig. 8. As was the case
for the GQ Lup system we show the orbit parameters of the best
fittings solutions as a function of eccentricity. In the case of the
PZ Tel system we show all solutions with a reduced χ2 smaller
than 2. This is equivalent to showing the best 0.6 % of all orbit
solutions. We choose the absolute χ2 cutoff in this case instead of
showing the best 1 % of all orbits because the 1 % best-fitting orbits
would have included solutions with an unreasonably large reduced
χ2 (χ2red > 2).
We recover well-fitting orbits with semi-major axes between
0.379 arcsec and 23.3 arcsec, corresponding to orbital periods be-
tween 78.7 yr and 37938.3 yr. All of our recovered orbit solutions
are highly eccentric with eccentricities ranging between 0.622 and
0.99991. In general, we observe in Fig. 8a that in the case of in-
creasing eccentricities the corresponding semi-major axes are also
increasing. However, the distribution of semi-major axes shows a
strong peak at 0.443 arcsec and 91 % of all good solutions show
semi-major axes smaller than 5 arcsec. If we only consider ec-
centricities smaller than 0.9, the semi-major axes can actually be
constrained to a much narrower range between 0.41 arcsec and
5.3 arcsec.
In Fig. 8b we show possible inclinations as functions of eccentric-
ity. We can see a similar trend as was the case for the semi-major
axes. For increasing eccentricities the inclination is also increasing,
i.e. for extreme eccentric systems, close to pole-on orbits are pos-
sible. In general, we find orbit solutions with inclinations between
91.3◦ and 168.1◦ with a strong peak at 93.2◦. If we again only con-
sider orbits with eccentricities smaller than 0.9, then the range of
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Figure 5. Orbital elements as function of eccentricity for the substellar companion of GQ Lup around its host star for the 1 % best fitting solutions out of
5,000,000 runs of our LSMC fit. Logarithmic density of solutions is indicated by color (a color version of this figure is available in the online version of the
journal).
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Figure 6. Top 3 best-fitting orbits for the substellar companion of GQ Lup around its host star out of 5,000,000 unconstrained runs of our LSMC fit. Solid
lines represent the apparent orbits. 6b is zoomed in on the data points. The corresponding orbit elements are listed in Tab. 4
2000 2010 2020 2030 2040
time [year]
0.68
0.70
0.72
0.74
se
p
ar
at
io
n
[a
rc
se
c]
(a)
2000 2010 2020 2030 2040
time [year]
274
276
278
280
282
p
o
si
ti
o
n
an
gl
e
[d
eg
]
(b)
Figure 7. Separation and position angle development of the 300 orbits with the largest reduced χ2 out of the sample of the 1 % best fitting orbit solutions of
the GQ Lup system shown in Fig. 5
inclinations decreases to values between 91.3◦ and 102.2◦.
The other two angular orbit elements are shown in Fig. 8c and
Fig. 8d, respectively. If all orbit solutions are considered then the
longitude of the ascending node can not be constrained. However,
it shows a very strong peak at 57.4◦, and 92 % of all solutions are
located between 50◦ and 70◦. If we look at the solutions with ec-
centricities smaller than 0.9 we find a very narrow range for the
longitude of the ascending node between 52.7◦ and 59.3◦.
For the argument of the periastron we find solutions between 122.2◦
and 306◦. This gets only slightly narrower if only solutions with
e<0.9 are considered and encompasses then the range between
179.1◦ and 288.0◦. A peak of the distribution can be observed at
187.3◦. The time of the periastron passage is in principle not well
constrained and shows values between the years 0 and 5000. This
does not depend on the corresponding eccentricity of the orbit so-
lutions. However, the distribution shows a dominant peak for the
epoch 2003.5. This is very consistent with the non-detection of the
companion in the VLT/NACO observation of mid-2003 by Masci-
adri et al. (2005) as was already mentioned by us in Mugrauer et al.
(2012).
Overall our new astrometric measurement of June 2012 fits very
well with the recovered orbits of our previous study. Thus we come
to similar conclusions with only small changes for the possible or-
bits of the PZ Tel system. One of these changes is that we now
consider orbits up to semi-major axes of 23.3 arcsec, i.e. our orbit
solutions are no longer truncated by the existence of a possible cir-
cumbinary disk. We show the three best fitting orbit solutions in
Fig. 9 and the corresponding orbit elements in Tab. 5. All of these
orbits have extreme eccentricities close to 1. If the system is not in
the process of flying apart, then it would seem that less eccentric
orbits are more likely to produce a stable system.
As we did in the previous section for the GQ Lup system, we show
the 300 orbit solutions from the best-fitting sample with the highest
reduced χ2 in Fig. 10. The orbits as well as the astrometric measure-
ments of the system are plotted in separation and position angle
versus time. We can conclude that with our current measurement
accuracy, any new measurement taken at present would further im-
prove our ability to narrow down the orbit elements of the system.
The PZ Tel system should thus be monitored continuously.
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Figure 8. Orbital elements as function of eccentricity for the substellar companion of PZ Tel around its host star for all solutions with χ2red 6 2 solutions out
of 5,000,000 runs of our LSMC fit. Logarithmic density of solutions is indicated by color (a color version of this figure is available in the online version of the
journal).
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Figure 9. Top 3 best-fitting orbits for the substellar companion of PZ Tel around its host star out of 5,000,000 unconstrained runs of our LSMC fit. Solid lines
represent the apparent orbits. 9b is zoomed in on the data points. The corresponding orbit elements are listed in Tab. 5
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Figure 10. Separation and position angle development of the 300 orbits with the largest reduced χ2 out of the sample of the 1 % best fitting orbit solutions of
the PZ Tel system shown in Fig. 8
Table 5. Orbit elements and χ2red of the best-fitting orbits of the substellar
companion of PZ Tel around its host star shown in Fig. 9
Nr. 1 2 3
a [arcsec] 3.02 2.40 1.10
e 0.996 0.991 0.965
P [yr] 1766.6 1256.0 386.9
i [◦] 109.6 104.0 100.6
Ω [◦] 43.1 47.6 51.1
ω [◦] 154.9 160.9 169.1
T0 [JD] 1807003.6 1993288.4 2451803.7
χ2red 0.34 0.34 0.34
9 DETECTION LIMITS
For all mass calculations in this section, the DUSTY models by
Chabrier et al. (2000) were used. The DUSTY models include con-
densed dust particles of various species in the equation of state
and the radiative transfer equations. They hence include the dust
opacity, which is believed to have a major influence on the infra-
red (IR) colors below an effective temperature of 2000 K (see
also Chabrier et al. 2000). It was shown in the reference publi-
cation that these models reproduce the infrared colors and flux of
late M and L dwarfs accurately, i.e. they are well suited to pre-
dict the major physical parameters of all companions discussed
in this work. There are meanwhile more accurate models to de-
scribe T (methane) dwarfs and giant extrasolar planets (especially
hot Jupiters), as discussed in Baraffe et al. (2003). However, the
predicted photometry of the DUSTY models does not vary much
(∼ 0.1 mag) from these models and hence the calculated mass lim-
its should be fairly accurate even towards lower masses.
The dynamic range plot for the GQ Lup system is shown in
Fig. 11a. In order to detect the lowest possible masses we
median combined all our recent observation epochs between
2008 and 2012. Given the 2MASS magnitude of GQ Lup A of
7.096± 0.020 mag and the distance of 140± 50 pc we calculated
an absolute magnitude for the primary star of 1.365± 0.776 mag.
The age of the GQ Lup system is probably between 1 and 3 Myr
as mentioned in section 2.1. We thus utilized models for an age of
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1 Myr. From our calculations we can exclude additional sub-stellar
companions with a mass down to 0.0040±0.0017 M at distances
down to 0.25 arcsec (35 au). In the background limited region out-
side of 1 arcsec (140 au) we can exclude objects down to masses of
0.0017± 0.0003 M.
The PZ Tel system is most likely older than the GQ Lup sys-
tem as reviewed in section 2.2. We thus utilized model tracks
for an age of 10 Myr. Given the 2MASS magnitude of PZ Tel A
of 6.366± 0.024 mag and the distance of PZ Tel of 51.5± 2.5 pc
we calculated an absolute magnitude of 2.807± 0.107 mag. Our
calculations enable us to exclude additional sub-stellar compan-
ions down to masses of 0.0079± 0.0003 M at distances down
to 0.25 arcsec (13 au). In the background limited region out-
side of 1 arcsec we can exclude additional objects down to
0.0043± 0.0001 M. The corresponding dynamic range plot is
shown in Fig. 11b.
The dynamic range plot for DH Tau is shown in Fig. 11c. The age
of the DH Tau system is still a matter of discussion. As pointed
out in section 2.3, the age of the primary is believed to be be-
tween 0.1 and 4.4 Myr, while the age of the companion measured
by spectroscopy is estimated to be between 3 and 10 Myr. Sub-
sequently, model tracks for an age of 1 Myr and 10 Myr were
used to calculate the detection limits. Considering the distance of
DH Tau of 140± 10 pc, and the apparent magnitude in the K-band
of 8.178± 0.026 mag (Cutri et al. 2003), the absolute magnitude of
DH Tau in the K-band is 2.446± 0.157 mag. Utilizing this magni-
tude and the model plots for 1 Myr, the minimum detectable mass
down to a separation of 0.25 arcsec (35 au) is 0.0034± 0.0003 M.
This changes to a larger mass of 0.0116± 0.0007 M if the model
tracks for older objects with an age of 10 Myr are used. At a sep-
aration of 0.5 arcsec (70 au), masses down to 0.0022± 0.0001 M
and 0.0067± 0.0003 M are detectable for young and old objects
respectively. In the background-limited region outside of 2 arcsec
(280 au) and up to 6.5 arcsec (910 au), minimum mass objects of
0.00181± 0.00006 M and 0.0056± 0.0002 M would have been
detected.
The dynamic range plot for HD 203030 is shown in Fig. 11d. The
VLT/NACO image of HD 203030 was taken in the NB 2.17 filter.
The model tracks for the K-band were utilized to calculate detec-
tion limits. Since the age range of HD 203030 is between 130 Myr
and 400 Myr (Metchev & Hillenbrand 2006), an interpolation was
made between the model tracks for 100 Myr and 500 Myr to cal-
culate the magnitudes for 300 Myr. Considering the Hipparcos par-
allax of 24.48± 1.05 mas (40.85 pc), the primary star exhibits an
absolute magnitude in the K-band of 3.59± 0.068 mag (Cutri et al.
2003). Given the model tracks and the calculated dynamic range,
objects with masses down to 0.047± 0.001 M would have been
detected down to an angular separation of 0.25 arcsec (10 au). Less
massive objects of 0.032± 0.001 M could have been detected out-
side of 0.5 arcsec (20 au). In the background-limited region out-
side of 2 arcsec (82 au) and up to 6.6 arcsec (270 au), objects with
masses down to 0.0191± 0.0004 M would have been detected.
Objects outside of 6.6 arcsec could only be detected to the north
and south up to a separation of 13.2 arcsec (539 au), and to the east
up to a separation of 22 arcsec (899 au), due to the placement of
HD 203030 in the field of view of the NACO S 27 detector.
The dynamic range plot for 1RXS J160929.1-210524 is shown in
Fig. 11e. As discussed in section 2.5, the age of US is estimated
to be between 5 Myr and 6 Myr, but was recently re-evaluated and
could be up to 13 Myr (11± 2 Myr , Pecaut et al. 2012). Conse-
quently, model tracks for an age of 5 Myr and 10 Myr were used
to calculate detection limits. Considering the distance of US of
145± 20 pc and the apparent magnitude of the primary star in the
K-band of 8.916± 0.021 mag (Cutri et al. 2003), the absolute mag-
nitude of the primary in the K-band is 3.11± 0.30 mag. Utilizing
this magnitude and the model tracks for a younger age, objects
down to 0.0059± 0.0006 M would have been detected down to
an angular separation of 0.25 arcsec (36 au). If US is indeed older,
this changes towards slightly higher masses of 0.0086± 0.0013 M.
At an angular separation of 0.5 arcsec (73 au), lower mass ob-
jects down to 0.0036± 0.0003 M and 0.0051± 0.0003 M for
the two different ages respectively would have been detected.
In the background-limited region outside of 2 arcsec (290 au)
and up to 6.5 arcsec (943 au), the minimum detectable mass is
0.0029± 0.0002 M for an age of 5 Myr and 0.0041± 0.0003 M
for an age of 10 Myr.
The dynamic range plot for UScoCTIO 108 is shown in Fig. 11f.
UScoCTIO 108 is a member of US like 1RXS J160929.1-210524,
and hence is located at approximately the same distance of
145± 20 pc, and has a similar age. Consequently, detection lim-
its were again computed for ages of 5 Myr and 10 Myr. Given the
distance of US, and the apparent magnitude of UScoCTIO 108 A
in the K-band of 12.51± 0.13 mag (Béjar et al. 2008), it exhibits an
absolute magnitude in the K-band of 6.70± 0.33 mag. Since US-
coCTIO 108 A is very faint there is no significant difference in de-
tection limits between 0.25 arcsec (36 au) and 2 arcsec (290 au). For
an age of 10 Myr, all objects down to masses of 0.015± 0.001 M
would have been detected in the field of view of the detector up to
an angular separation of 6.5 arcsec (943 au). For a younger age of
5 Myr, this limit is slightly lower with 0.013± 0.002 M. In gen-
eral, the detection limits are not as low as in the other VLT/NACO
images given the young age of the system. This is because the very
faint primary was used for AO corrections, which were hence less
optimal than the AO corrections for the other discussed targets with
brighter primary stars as reference sources.
10 FORMATION SCENARIOS OF THE SUB-STELLAR
COMPANION TO GQLUP
10.1 In-situ formation via core accretion or gravitational
instability
While it remains uncertain if the companion to GQ Lup has a
mass below the Deuterium burning limit, it is nonetheless in
principle possible that it formed like a planet. Thus we consider
the possibility of in-situ formation via either core accretion or
gravitational instability of the protoplanetary disk. As discussed
in section 2.1 the likely inclination of the host star and thus most
probably the inclination of the circumstellar disk is i= 27± 5◦. If
the companion would have formed in this disk one would expect
it to be on a low eccentricity orbit with a similar inclination.
However, as discussed in section 8.2, we can exclude all orbits
with low eccentricity and inclination since they do not fit with
our astrometric measurements. For an inclination of ∼27◦ we find
only possible orbit solutions with eccentricities larger than ∼ 0.6.
It should be mentioned though, that if the disk inclination is higher
(as suggested by Seperuelo Duarte et al. 2008) circular orbits
would still be possible.
However, Dai et al. (2010) state that given the disk properties
that they observe it is unlikely that the circumstellar disk around
the host star is massive enough to have formed an object of
the companion’s estimated mass range at a projected separation
of > 100 au. Thus from the astrometry and the estimated disk
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Figure 11. Dynamic range plot for our NACO images before and after PSF subtraction. All objects above the solid (red) or dash-dotted (blue) lines are
detectable. These lines mark the detection limit for a signal-to-noise of 5. The positions of the companions are indicated by the filled circles. Mass estimates
are done utilizing the evolutionary models by Chabrier et al. (2000).
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properties it seems unlikely that the companion has formed in-situ
in a planet-like fashion.
10.2 Inward or outward formation and successive scattering
The next logical step would be to consider that the companion has
formed either closer to the star or further away and was then scat-
tered into its current orbit by dynamical interaction with a potential
third body which has formed at a similar separation from the host
star. Since we find a large number of eccentric orbit solutions, and
our best fitting orbits are in fact all eccentric, we can not exclude
such a scenario with our astrometric study. However, as already
mentioned in the previous section, it is doubtful whether the disk
is massive enough for two (sub)-stellar companions to form at even
larger projected separations from the host star. However, the disk
mass could have been larger in the past. If the disk would have
been massive enough, one would expect that gravitational instabil-
ity would dominate the formation process at such large distances
from the central star rather than core accretion. In the recent study
by Vorobyov (2013) formation of wide sub-stellar companions via
gravitational instability was examined via numerical simulations.
They failed to produce any objects in the Jupiter to brown dwarf
regime on wide orbits around host stars with 6 0.7 M , i.e. the
likely mass of GQ Lup A. Thus formation of two such objects, on
larger projected separations than we observe the companion cur-
rently at, seems unlikely.
It would still be possible that two sub-stellar companions have
formed within few au of the host star. Such a formation process,
regardless whether dominated by core accretion or gravitational in-
stability, would leave distinctive signatures such as holes or gaps in
the circumstellar disk. However, Dai et al. (2010) report that their
best fitting disk model does not include gaps or holes and that they
cannot find any indications for such structures in their data. Thus
the formation of two sub-stellar companions in close proximity to
the host star seems also unlikely.
10.3 Star like formation from collapse in protostellar cloud
It is possible that the host star and the companion formed like a
binary star system by core collapse in the protostellar cloud. This
formation scenario would not require that the plane of the orbit
and of the circumstellar disk are aligned. For example, the study
by Hale (1994) shows that main sequence solar-type binaries with
separations larger than 40 au commonly show spin-orbit misalign-
ment. As shown in section 8.2 we find a number of relatively well
constrained orbit solutions with low eccentricities, which would be
expected if no additional third body disturbs the system. Thus from
the astrometry we can not exclude such a formation scenario.
However, in a most recent study by Zhou et al. (2014) it is argued
that the accretion rates that are calculated from photometry of the
companion in the UVIS with HST/WFC3 are about an order of
magnitude higher than what is observed in stars of similar age.
They thus argue that they find it unlikely that the companion has
formed via collapse of a protostellar core but rather that it formed
via gravitational instability in a protoplanetary disk.
11 CONCLUSIONS
In this study we presented new astrometric measurements of 6 di-
rectly imaged sub-stellar companions to stars or brown dwarfs. We
showed for the first time with a high significance of 5.3σ that the
sub-stellar companion to the young nearby star GQ Lup shows dif-
ferential motion as compared to its host star. This differential mo-
tion is consistent with slow orbital motion although no orbit curva-
ture was detected yet. With our statistical LSMC approach we find
best fitting orbits with eccentricities between 0.21 and 0.69 with
corresponding orbit periods between 786 and 1734 years. While
these orbit solutions produce the lowest reduced χ2 we can not yet
exclude less or more eccentric orbits as detailed in section 8.2. Fur-
thermore, we find that our astrometric solutions together with the
known spin of the host star and the properties of the circumstellar
disk might point towards a star-like formation of the companion.
This is, however, in disagreement with the high accretion rates mea-
sured for the companion which favor a formation via gravitational
instability in the protoplanetary disk. In addition to these consid-
erations, we detected an additional companion candidate 6.9 arcsec
to the east of GQ Lup A, which is likely a background object given
our astrometry of the object.
For the PZ Tel system we found that our new astrometric measure-
ment agrees very well with the expectations raised in our previous
study of the system. We found that the orbit analysis produced also
similar results as in previous studies. However, with the new evi-
dence that there is in fact no circumbinary disc present in the PZ Tel
system, we expanded our orbit analysis to significantly larger semi-
major axes. We find best fitting orbits with eccentricities above 0.9
and orbit periods between 387 and 1767 years. In general we can
exclude orbit solutions with eccentricities smaller than 0.62. We
also showed that the parameter space for possible orbit solutions
can be further constrained by measurements taken within the next
few years.
There has been a recent study by Pearce et al. (2014) indicating
that an unseen inner companion could introduce large errors in
relative astrometry by periodic displacement of the primary star.
This could lead to apparent orbits with high eccentricities when in
fact the orbits of the outer companions are close to circular. Our
best fit orbit of the GQ Lup system exhibits an eccentricity of 0.52
and a semi-major axis of 75.6 au. Using the method outlined in
Pearce et al. (2014), we calculated that an inner companion with
a mass of 0.061 M on an orbit with a semi-major axis as small
as 10.5 au could in principle introduce the calculated eccentricity
when in fact the orbit of GQ Lup B is circular or nearly circular.
Given our deep imaging data of the system we can exclude masses
of 0.060± 0.024 M at this projected separation with a detection
limit of 5σ. Thus considering the uncertainties of this detection
limit we cannot firmly rule out that the observed eccentricity is
caused by an inner companion undetected by imaging. However,
given that no evidence is found for gaps or holes in the circum-
stellar disk around GQ Lup A, it is unlikely that such a compan-
ion would exist at such a small separation. Thus we do not believe
that our recovered orbit solutions for the GQ Lup system are sig-
nificantly influenced by an unseen inner planetary companion. For
the PZ Tel system, Pearce et al. (2014) calculated that an object of
0.124 M at a semi-major axis of 5.5 au could cause the high ec-
centricities reported in our previous study. Given our most recent
observations we can exclude objects down to 0.025± 0.003 M at
this distance, therefore the observed high eccentricity is likely not
caused by an additional inner companion. However, it is in princi-
ple possible, that an inner companion exists on a highly inclined
orbit and is thus not detectable at the time of our observations. In
any case, such a companion would also introduce only a very small
or no astrometric signal when it is behind or in front of the parent
star.
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Figure 12. Projected orbit velocities in separation and position angle of
close (< 100 au projected separation) T Tauri binary stars by Woitas et al.
(2001) as well as the same velocities for directly imaged sub-stellar com-
panions discussed in this study and previous studies by Ginski et al. (2013)
and Ginski et al. (2014).
In order to determine if our measured orbital velocities are reason-
able, we compared them to orbit velocities of close (<100 au pro-
jected separation) T Tauri binary systems as determined by Woitas
et al. (2001). The results are shown in Fig. 12. In addition to the
GQ Lup and the PZ Tel system, we show orbit velocities of the
HD 130948 system and the GSC08047 system which were deter-
mined in previous studies by us (Ginski et al. 2013 and Ginski et al.
2014 respectively). All our systems show small orbit velocities as
compared to the stellar binary systems as would be expected of low
mass objects on wide orbits. Thus we are confident in the deter-
mined orbital velocities.
In addition to the orbital motion which we detected in the GQ Lup
system and PZ Tel system, we could show that the DH Tau system
and the HD 203030 system are not showing significant differential
motion. The RXJ1609 system also exhibits no apparent signs of
significant orbital motion. However, due to the apparent offsets in
the different astrometric data sets it is not possible to determine
with any certainty if orbital motion is present over the full time pe-
riod covered. In the case of the UScoCTIO108 system it was also
not possible to detect orbital motion due to the large uncertainties
of the originial astrometric measurement by Béjar et al. (2008). In
fact it is not yet possible to decide whether the companion and the
primary star are co-moving at all. Given our new and much more
precise astrometric measurement, such a determination is now pos-
sible with one additional well calibrated measurement of similar
precision.
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